According to available data, the time from failed aneurysm embolization to neurosurgical intervention is specified as several hours to a few days; however, no author has concentrated on the significance of ultra-early intervention, i.e., undertaken during the same anesthesia. 20, 21 In this paper we share the experience we gained while dealing with 3 such complications, which occurred among nearly 400 procedures of intravascular embolization of cerebral aneurysms. In all 3 cases, direct removal of the displaced embolization material was undertaken immediately-that is, within half an hour after an unsuccessful attempt of removing material via the endovascular route.
methods
This study was approved by the bioethics committee of the Medical University of Bialystok.
Between 1999 and 2012, approximately 400 patients diagnosed with cerebral aneurysm were treated with coil embolization at our institution. Uncontrolled intravascular migration of a coil or stent from its attempted destination to the peripheral segment of the vessel occurred in 3 cases, which corresponded to 0.75% prevalence of this kind of complication. All 3 patients were undergoing a procedure for treatment of an unruptured aneurysm and were fully conscious during the attempted embolization. Their clinical status was assessed at 3-6 months postsurgery using the Glasgow Outcome Scale (GOS) and modified Rankin Scale (mRS) during the scheduled follow-up visit.
Endovascular procedures were performed under general anesthesia with propofol, midazolam, and fentanyl. Standard dual antiplatelet therapy (aspirin 75 mg and clopidogrel 75 mg daily) was administered for 5 days before the procedure, and a single dose of 5000 units of heparin was administered directly before embolization. Activated clotting time was maintained at 1.5 to 2 times the baseline level throughout the procedure. 10 Directly after the procedure, the standard dual antiplatelet therapy was replaced with 0.6-ml injections of low-molecular-weight heparin, administered twice a day up to 30 days after the discharge.
The Siemens Artis biplane angiographic unit was used for intravascular procedures in all patients. All procedures were performed through catheterization of the femoral artery. Mechanically detachable coils (MDS, Balt) were introduced through the leading catheter, Casasco 6F (Balt), or through the microcatheter, Vasco 10+ (Balt), in the case of 2 patients. We attempted to place a flow diverter stent-the Pipeline embolization device (ev3) in the internal carotid artery (ICA) through the Casasco 6F leading catheter and Marksman microcatheter (ev3) in the case of 1 patient.
In all 3 described cases, the material moved from its intended placement to the middle cerebral artery (MCA), and eventually had to be removed via a transcranial approach. All transcranial procedures were performed by the same surgeon (Z.M.). Multiple attempts at retrieving the coil or stent via an endovascular route were undertaken before the final decision to perform a craniotomy was made. In 2 patients with displaced coils, we initially tried to pass the area of occlusion with microwires that were manually twisted in a shape of a pigtail (Synchro-10, Stryker; Hybrid 1214D, Balt). After failure of these attempts, a microsnare device (Lasso, Balt) and then the Alligator retrieval device (ev3) were used unsuccessfully. Detailed information on endovascular handling of a partially uncurled stent is included in the report of Case 3.
In Case 3, the stent (Pipeline embolization device) uncurled only in its proximal part, while its distal end remained not only curled but also twisted. Perhaps, this was the reason why the attempts at expanding it with the aid of angioplasty proved unsuccessful, despite introducing the balloon (Scepter C, Microvention) into the proximal, uncurled part of the stent. We tried to remove the stent with a microsnare device (Lasso, Balt) and then with an Alligator retrieval device (ev3), but neither of the attempts proved successful. In actuality, we were unwilling to exert more than mild traction on these devices for fear that the vessel could be injured by the open end of the Pipeline device. Another potential risk was decoupling of the capture coil of the Pipeline device and leaving it in the vessel.
results case 1
A 54-year-old woman presented with chronic headache, right side ptosis, and right gaze diplopia. MR angiography showed a 16 × 12-mm unruptured ICA aneurysm placed in the cavernous sinus (C 4 segment of the ICA). In the first attempt at intravascular embolization, the aneurysm was completely packed with 8 spirals without sequelae complications. Follow-up angiography performed 2 months after the procedure revealed an incomplete embolization. An attempt to place an additional coil ended up in its displacement to the trunk of the MCA (Fig. 1A) with barely traceable flow in this artery. Attempts at evacuation of the coil via an endovascular route proved unsuccessful, and the patient (under continued general anesthesia) was immediately transferred to the operating theater, where a small fronto-temporal craniotomy was performed and the sylvian fissure was opened to expose the MCA. The distended peripheral M 1 segment was visualized under high magnification, with the coil visible through the extremely thinned arterial walls ( Fig. 2A) . Consequently, the initial plan of making an incision in the trunk of the artery was abandoned out of fear of uncontrolled tearing of its wall during evacuation of the coil. A small (~ 1-mm caliber) branch of the M 1 was instead identified (the anterior temporal artery [ATA] feeding the anterior temporal lobe, Fig.  2A and B) and incised with fine microscissors. The ATA was incised only halfway through its circumference in order to prevent its contraction and to keep the incision easily accessible. Temporary clips were placed at the trunk of the MCA proximal to the coil and distally at the lower main branch of the MCA, behind the cut artery. A fine microhook was fashioned by bending the tip of an intravenous needle and used to anchor the coil, which was then successfully evacuated with the aid of minute, ultrathin microforceps (Fig. 2C ). The proximal clip was released before closing the arterial incision to release the blood with possible clots. The incised ATA was closed with a mini Aesculap clip (Fig. 2D ), then the peripheral clip was released, and afterward 1 ml of rtPA solution was injected into the stem of the ICA. After the injection, a persistent oozing of blood from the operating field was noted, but it ceased after 15 minutes of continuous rinsing with saline. The restoration of flow within the trunk of the MCA was confirmed with intraoperative Doppler ultrasound. The patient was transferred directly from the operating theater to the neurosurgical intensive care unit (ICU), where she was put under a "prophylactic" coma with propofol. After withdrawal of propofol, the patient had transient left hemiparesis, which resolved gradually within a few days. At discharge she was fully conscious, neurologically intact, and scored 5 on the GOS and 1 on the mRS. A followup cerebral angiogram obtained 6 months after the craniotomy revealed patent vasculature with satisfactory distal flow (Fig. 1B) . A follow-up CT scan revealed a hypodense zone, approximately 2 cm in diameter, in the anterior part of the temporal lobe (Fig. 1C) .
case 2
A 58-year-old woman experienced subarachnoid hemorrhage and underwent clipping of an ICA aneurysm in 1983. Follow-up angiography was performed in 2008 because the patient was complaining of recurrent headaches. The examination revealed the dome of a "daughter" aneurysm, which had formed between the clip and the parent vessel. The patient decided to have this residual aneurysm treated and insisted on intravascular embolization. A coil was placed in the aneurysm, but immediately after release it moved to the trunk of the MCA, and all attempts at evacuation via an endovascular route proved unsuccessful. Absence of blood flow in the MCA was confirmed with contrast injection (Fig. 3 left) . The patient was immediately transferred to the operating theater under continuous anesthesia. The former pterional craniotomy was reconstructed, and the sylvian fissure was opened. The next steps corresponded to the procedure described in Case 1, and the coil was successfully extracted through an incision of the ATA. However, in contrast to the former case, no outflow of blood was obtained from the MCA after releasing the clips. Therefore, a 2-mm incision was made in the MCA, close to its branching off from the ICA, and a ball-tipped microprobe was introduced into the artery in both directions-peripheral and proximal-to a depth of several centimeters. The artery was stretched to its sides with gentle rotating movements, which yielded a slow outflow of blood. The incision was sutured with 10-0 intermittent stitches, and 1 ml of rtPA solution was injected into the stem of the ICA (with subsequent oozing of blood from the operating field, easily controlled after rinsing with saline). During this time, the ICA aneurysm was prepared and secured. The trunk and the branches of the MCA were checked with intraoperative Doppler ultrasonography to confirm a stable, although low-amplitude, flow. The patient was transferred directly from the operating theater to the neurosurgical ICU, where she was put under "prophylactic" coma with propofol. After recovery from the coma, she was conscious and presented with moderate hemiparesis. When she was discharged, on the 14th day after the procedure, she was able to walk (with mild hemiparesis), live independently, and scored 4 and 2 on GOS and mRS, respectively. A follow-up CT examination revealed a significant hypodense zone in the posterior part of the frontal lobe and anterior part of the temporal lobe (Fig. 3 right) . Unfortunately, the patient did not present for the follow-up angiographic examination that was scheduled for 6 months after the discharge.
case 3
A 39-year-old man presented with migraine attacks and symptoms of atherosclerosis. Cerebral angiography revealed a right-side fusiform aneurysm involving the C 4 -C 7 segments of the ICA and a proximal part of the M 1 segment of the MCA. Notably, neither the A 1 segment nor the posterior communicating artery (PCoA) were visualized after injection of contrast to the right ICA (Fig. 4C) . After discussing the available options with the patient, a decision was made to place a flow-diverter stent, matched to the length of the aneurysm, via an intravascular route. When placed, the stent uncurled only partially in its proximal end, and all attempts at uncurling it with an inflated balloon and extracting it with intravascular manipulators (Lasso retrieval microcatheter, Alligator retrieval device) not only proved unsuccessful but pushed the stent even more peripherally, up to the proximal part of the M 1 section.
After injecting contrast medium into the right ICA, we observed persistent albeit severely restricted blood flow in the MCA (Fig. 4A) . After the contrast agent was injected into the right vertebral artery, no flow in the PCoA was documented but peripheral branches of MCA were shown to be supplied with a slow influx from the posterior temporal artery. Therefore, facing an anatomical variant of the ICA devoid of both communicating arteries and having estimated the peripheral anastomosis to be insufficient, a decision was made to remove the material by an incision of the vessel. The patient was moved to the operating theater under continuous anesthesia. Pterional craniotomy was performed and the sylvian fissure was opened according to standard practice. It was determined that a tortuous, distended intracranial portion of the ICA continued directly on to the proximal part of the M 1 , with no visible trace of the A 1 segment and with an aplastic PCoA. No shape or exact position of the stent within the artery was discernible by visual examination, nor by palpation with instruments. Thus a 4-mm incision of the M 1 segment was performed with no proximal clipping of the artery. With blood outflow relatively easily controlled by suction, the stent was placed with a ball-tip microprobe. This proved more difficult than anticipated, because the unfolded stent was partially buried within the intimal folds of the aneurysmal wall. Eventually, the network of the stent was identified and bent, which allowed its gradual removal throughout the incision (Fig. 4B) . The incision was closed using 10-0 single sutures, the wall of the aneurysm was reinforced with TachoSil (Takeda), and 1 ml of rtPA solution was injected into the stem of the ICA. Pulsating blood flow in the ICA and MCA was confirmed with intraoperative Doppler ultrasonography. After the procedure, the patient was transferred directly to the neurosurgical ICU where propfol-induced coma was substituted for general anesthesia. After propofol withdrawal, the patient was awake, with moderate right hemiparesis, which gradually faded away within days. At discharge, the patient was neurologically intact and scored 5 on the GOS and 0 on the mRS. Cerebral angiography performed 6 months after the craniotomy revealed the presence of normal blood flow in the MCA (Fig. 4C) . A follow-up CT examination showed a hypodense zone, about 2 cm in diameter, in the anterior part of the temporal lobe (Fig. 4D ).
discussion
The scarce literature regarding the complications after endovascular embolization of cerebral aneurysms is dominated by reports of partial coil stretching from the aneurysm to the lumen of the parent artery or protrusion outside of the aneurysm. In such cases, the coil can be extracted through the dome of the aneurysm; this procedure can prove troublesome, but generally remains within the skills of the vascular neurosurgeon. 20, 21 Endovascular or even conservative treatment options are often also considered in such situations. 4, 5, 13, 14, 15 Migration of a coil or undeveloped stent to a distant MCA is a rare condition. Only 4 reports of such complications have been published thus far, among them 1 case report from our center; this was the first published case in which a distally migrated coil was successfully evacuated from the MCA with the aid of the technique presented in the current paper. 16 Due to the unique character of this complication, no routine methods of surgical evacuation of displaced material have been developed to date. A number of devices, including microsnares, microforceps, and loops, have been used to retrieve migrated material via an endovascular route. 3, 5, 9 After several futile efforts, Deshmukh et al. 3 reversed heparinization with protamine, performed a vast orbitozygomatic craniotomy, opened the M 3 segment of the MCA, and removed a coil. Three months after the procedure, the patient presented neurologically intact. 3 Heuer et al. 9 reported a unique case involving a 2-year-old girl in whom a Gianturco steel coil was lost during handling of a Blalock-Taussig shunt; the coil was eventually found in the M 1 segment of the MCA. A frontal craniotomy was performed 2 hours after the occlusion, and the material was removed by means of direct arteriotomy. The authors did not report on heparin reversal. After the procedure, the artery turned out to be patent, and the patient had mild hemiparesis, which resolved within 48 hours. 9 Kim et al. 11 reported on a series of 6 patients who experienced a parent artery occlusion following endovascular aneurysm handling, including only 1 individual with distant coil migration to the MCA. An attempt at extracting the coil with a snare catheter proved unsuccessful, and the coil was pushed from the M 1 segment to the M 2 segment of the MCA. After reversal of heparinization with protamine, a pterional craniotomy was performed 2 hours following the arterial occlusion, and the coil was extracted via a small arteriotomy. After the thrombus was washing away, urokinase (20,000 IU) was applied proximal to the arteriotomy site due to "inadequately decreased blood flow velocity." According to the authors, the patient made "an excellent recovery." 11 In our 2 patients with a migrated coil (Cases 1 and 2), we managed to remove the material without MCA arteriotomy. The surgical technique was described in detail above, in the report of Case 1. The incised, but not completely cut, ATA remained in its anatomical position and could be easily clipped (with the aid of gentle traction on its peripheral segment) immediately after the coil was evacuated through its incision and the MCA was rinsed with saline. With no necessity of incising and stitching the MCA stem, temporary clipping of the artery took no longer than 5 minutes in each of these cases. No neurological or psychological sequelae could be discerned after sacrificing the ATA, which normally supplies the anterior temporal lobe. Unfortunately, this method could not be used for the migrated and partially unfolded stent due to its size and relative stiffness. Instead, the stent was grabbed in the middle, bent, and evacuated through a 4-mm direct arteriotomy, with no temporary clipping of the MCA.
Deshmukh et al. 3 and other authors recommend administration of barbiturate and mannitol until the surgical intervention. Instead, we continued general anesthesia and then prolonged it in the form of pharmacologically induced (propofol) coma for several days after the procedure. However, such a protocol can be used only when the intervention is undertaken immediately after coil migration is discerned.
In contrast to Deshmukh et al. 3 and Kim et al., 11 we did not use protamine, assuming that the biological halflife of heparin is relatively short (~ 2 hours). Instead we ceased heparin infusion prior to transferring our patients from the intravascular unit to the operating theater. Noticeably, we did not observe any excessive bleeding, either during craniotomy or while handling the brain and the arteries. Moreover, the very light blood outflow from the fenestrated MCA was considered to be a problem (as in Case 2), forcing us to resort to mechanical dilation of the artery supported with an injection of rtPA into the stem of the ICA. It is noteworthy that this intraarterial injection did not produce any important problems with hemostasis, apart from temporary oozing from the exposed brain and surgical wound, which could be controlled with continuous rinsing of the operating field. This suggests that the procoagulative effect of intravascular intervention is strong and durable and that its prevention (by allowing heparin to act and promotion of fibrinolysis with topical rtPA injection) seems a prerequisite for successful and uneventful surgical removal of displaced intravascular coils.
None of the previously mentioned authors define an optimum time for surgical intervention. Deshmukh et al., 3 Kim et al., 11 and Heuer et al. 9 performed their interventions immediately, with satisfactory outcomes. Other authors implemented intervention between a few hours and a few days following coil protrusion into the parent artery.
20,21
Also our herein-presented findings seem to support the benefits of an ultra-early approach, because all our patients recovered to live independently.
One may claim that the patients would recover also if the displaced stent or coils were left in place. As no controlled study addressing the problem in question has been conducted to date (and is not likely to be feasible), one can only speculate that the degree of the MCA obturation by a displaced coil or stent is a critical factor. The flow in the MCA in our 2 patients (Cases 1 and 3) was "barely traceable," and satisfactory recovery was documented in both of these cases. In contrast, no discernible blood flow in the MCA was observed in Case 2; this patient ended up with a permanent mild hemiparesis, and more extensive hypodense area was observed on follow-up CT imaging of the brain, when compared with the other 2 patients. Undoubtedly, patients with complete MCA occlusion require immediate intervention. In contrast, angiographic evidence of even "a trace of flow" leaves a margin for other decisions (e.g., scheduled surgery or even conservative treatment).
Kim 12 reported on the successful conservative treatment of a patient with suboptimal stent deployment; however, the individual presented with normal blood flow on postoperative angiography. Based on an analysis of 9 cases, Fiorella et al. 6 concluded that symptomatic patients with delayed in-stent stenosis should undergo endovascular angioplasty or bypass surgery, whereas a "strategy of watchful waiting may be effective" in the case of asymptomatic subjects. However, analysis of the available angiograms from their 2 patients who qualified for angioplasty and/or bypass surgery suggests that they presented with apparently more intensive blood flow in the MCAs than our patient with insufficient stent expansion (Case 3). It is noteworthy that our case was atypical, as the patient presented with severe insufficiency of the circle of Willis, namely lack of the A 1 segment and hypoplastic PCoAs. Due to extremely weak inflow to the MCA via a cortical anastomosis with the vertebrobasilar arteries, we had virtually no other choices than radical surgical intervention.
Our experience with 3 cases is not sufficient to allow for any conclusions regarding the superiority of early surgical treatment over more conservative approaches. We can only suggest that this treatment option is feasible and may prove to be effective in patients with no flow or only weak blood flow in the MCA, in whom it is hard to predict how long vital brain functions can be maintained. Finally, legal aspects of a decision made in such a critical situation should be considered as an argument for a more aggressive approach, such as early surgical intervention.
conclusions
Migration of a coil or stent to the distal MCA is a dangerous but potentially treatable complication of aneurysm embolization. Ultra-early neurosurgical intervention under continued general anesthesia-with simultaneous antithrombotic therapy-is a feasible and potentially effective treatment option if no blood flow or only weak flow is present in the MCA. Surgical technique with accessing the MCA via a partially cut branch (ATA) proved to be a safe and effective mode of coil evacuation, allowing the time of MCA handling to be made as short as possible and producing no discernible consequences in 2 patients treated in this way. Cooperation between vascular neurosurgeons, endovascular specialists, and neuroanesthesiologists can result in prompt and successful management of this rare but potentially morbid endovascular complication.
references

